Yokota T, Eguchi K, Hiraba K. Topographical representations of taste response characteristics in the rostral nucleus of the solitary tract in the rat. The rostral nucleus of the solitary tract (rNST) is the first-order taste relay in rats. This study constructed topographical distributions of taste response characteristics (best-stimulus, response magnitude, and taste-tuning) from spike discharges of single neurons in the rNST. The rNST is divided into four subregions along the rostrocaudal (RC) axis, which include r1-r4. We explored single-neuron activity in r1-r3, using multibarreled glass microelectrodes. NaCl (N)-best neurons were localized to the rostral half of r1-r3, while HCl (H)-best and sucrose (S)-best neurons showed a tendency toward more caudal locations. NaCl and HCl (NH)-best neurons were distributed across r2-r3. The mean RC values and Mahalanobis distance indicated a significant difference between the distributions of N-best and NH-best neurons in which N-best neurons were located more rostrally. The region of large responses to NaCl (net response Ͼ5 spikes/s) overlapped with the distribution of N-best neurons. The region of large responses to HCl extended widely over r1-r3. The region of large responses to sucrose was in the medial part of r2. The excitatory region (Ͼ1 spike/s) for quinine overlapped with that for HCl. Neurons with sharp to moderate tuning were located primarily in r1-r2, while those with broad tuning were located in r2-r3. The robust responses to NaCl in r1-r2 primarily contributed to sharp to moderate taste-tuning. Neurons in r3 tended to have broad tuning, apparently due to small responses to both NaCl and HCl. Therefore, the rNST is spatially organized by neurons with distinct taste response characteristics, suggesting that these neurons serve different functional roles.
best-stimulus; response magnitude; taste-tuning; Mahalanobis distance; medulla oblongata THE ROSTRAL NUCLEUS of the solitary tract (rNST), the first-order taste relay, has been reported to receive spatially organized projections on the rostrocaudal (RC) axis from four taste afferents [the chorda tympani (CT), the great superficial petrosal nerve (GSP), the glossopharyngeal nerve (IX), and the superior laryngeal nerves (SL)] in the rat (Contreras et al. 1982; Hamilton and Norgren 1984; Rhoton 1968; Torvik 1956) and the hamster (Whitehead and Frank 1983) . However, recent studies have reported overlapping terminal projections from these afferent nerves (Corson et al. 2012; May and Hill 2006) . In studies examining the oral receptive field properties of taste-sensitive neurons in the rNST, oral receptive field configurations in the horizontal plane were associated with afferent projections along the RC axis in the rNST (Halpern and Nelson 1965; Sweazey and Smith 1987; Travers and Norgren 1995) . Of individual neurons, one-third actually received convergent inputs from the different receptive fields, primarily the anterior tongue and the nasoincisor duct, which are innervated by the CT and the GSP, respectively (Travers et al. 1986 ). Neurons in the CT, the GSP, and the IX strongly respond to different taste stimuli (e.g., NaCl in the CT, sucrose in the GSP, quinine and HCl in the IX), suggesting that the convergent inputs of taste afferents may produce a distinct taste-topic map in the rNST (Frank 1991; Nejad 1986; Pfaffmann 1955; Sako et al. 2000) . The differences in taste profiles among the afferent nerves may also generate distinct taste-tuning, which is modified by the local circuits in the rNST.
The purpose of this study was to construct topographical distributions of rNST neurons for best-stimulus, response magnitude, and taste-tuning based on their responses to different tastants. Spatial differences in the rNST may exist with respect to response characteristics to the different tastants. This study contributes to understanding how taste-topic organization in the rNST is involved in gustatory function.
MATERIALS AND METHODS
Subjects. Fifty-two adult male Wistar rats that were between 9 and 27 wk old (body weight 260 -510 g) were used to examine the topographical organization of taste-sensitive neurons in the rNST. Variation in the age of animals did not affect the best-stimulus or the spike activities to tastants and the distilled water [F(3,46) ϭ 1.30 for best-stimulus; F(10,62) ϭ 0.50 (NaCl), F(10,62) ϭ 0.72 (sucrose), F(10,62) ϭ 0.35 (HCl), F(10,62) ϭ 0.88 (quinine), and F(10,62) ϭ 0.67 (distilled water) for the averaged spikes/s; P Ͼ 0.05; 1-way ANOVA]. All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of Aichi-Gakuin University.
Surgical protocol. Animals were initially anesthetized with a mixture of urethane (0.6 g/kg ip) and pentobarbital sodium (40 mg/kg ip). After a tracheotomy for airway maintenance, the animals were fixed in a stereotaxic apparatus such that bregma and lambda were level. A craniotomy of the occipital bone (a 3 ϫ 5-mm section) was performed over the cerebellum for microelectrode insertion. Recording microelectrodes were tilted 12°in the coronal plane such that they approached the rNST from the dorsomedial to ventrolateral direction (6.0 -7.2 mm from the cerebellar surface by microdrive readings). The region explored extensively with microelectrodes was 2.1-3.5 mm anterior and 1.3-2.2 mm lateral to the obex. The animals were artificially ventilated to maintain 4% end-tidal PCO 2 . The electrocardiogram was monitored continuously, and rectal temperature was maintained at 37°C with the use of a heating pad. During recording, anesthesia was maintained with urethane (70 mg·kg Ϫ1 ·h Ϫ1 ip) and the muscles were relaxed with gallamine triethiodide (90 mg·kg Ϫ1 ·h Ϫ1 ip), which can be used to synchronize the animal's respiratory rhythms with the artificial ventilator.
Taste stimulation. The test solutions (25-26°C), which were applied into the oral cavity at a flow rate of 1.1-1.3 ml/s, were 0.2 M NaCl (N), 0.25 M sucrose (S), 0.04 M HCl (H), and 0.005 M quinine-HCl (Q). For stimulation of the anterior and posterior tongue and the oral cavity, the tongue was pulled anteriorly and mounted on the remaining sections of the lower jaw incisors that were cut along their widths 1 mm above the gum. The stimulation nozzle was placed near the lingual tip. The solutions initially touched the soft palate, filled the oral cavity, and then drained through the lingual tip. The different test solutions were delivered successively in random order through solenoid valves that were controlled by a PC. The operating signals sent from the PC to the solenoids were used as the stimulus onsets. We used a tungsten microelectrode (Inter Medical, Nagoya, Japan; 4 -5 M⍀, insulated except for the tip) placed on the anterior tongue, the posterior tongue, or the palate near the nasoincisor duct to measure the time lag between the stimulus onset and the time when a test solution contacted an oral region. Because the test solutions' ionic concentrations generated electrical signals that were recorded with the microelectrode, we used these recordings to determine when the solution arrived at an oral region. For all three regions, the test solutions arrived in Ͻ100 ms from the operating signal; the mean time lags (mean Ϯ SE, n ϭ 10) were 49.6 Ϯ 6.9 ms (anterior tongue), 37.1 Ϯ 8.9 ms (posterior tongue), and 32.6 Ϯ 5.1 ms (palate). Each test solution was applied for 6 s, followed by rinsing with distilled, deionized water for 14 s. Seven applications (trials) were performed with each solution. To minimize the effects of solution temperature, data from the first two trials were not included in the analysis.
Mean peristimulus time histograms (mPSTHs; 100 ms/bin) for representative taste-sensitive neurons and tactile-sensitive neurons are shown in Fig. 1 . For each tastant, the number of spikes during each stimulation period (6 s) was counted and averaged over 5 trials ( Fig.  1, A, a1 and B, b1 ). The mean water response was calculated by averaging the number of spikes during the last 3 s of each 14-s water application. To obtain the component of the net taste response unaffected by somatosensory or thermal aspects of the test solutions, the mean response to water was subtracted from the mean number of spikes measured during tastant application. The taste responses were examined with a t-test that compared the spike counts measured during taste stimulation with those measured during distilled water application ( Fig. 1, A, a3 and B, b3). P values Ͻ 0.05 were considered statistically significant [degrees of freedom (df) ϭ 23]. We conducted repetitive water applications (10 trials) after the taste stimulation session ( Fig. 1, A, a2 and B, b2) to determine a neuron's response to the tactile components. A paired t-test compared the spike counts obtained during the water application to those obtained during the 2 s preceding the water application (df ϭ 9, P Ͻ 0.05). A representative example of this analysis is shown in Fig. 1A . Each water rinsing subsequent to a tastant application of N, S, H, or Q is indicated by nw, sw, hw, or qw, respectively. In this example, the neuron showed a significant response to NaCl, HCl, nw, and hw. The increased spike counts observed with nw or hw resulted from an increased excitability induced by NaCl or HCl. The neuron's excitability then declined as the neuron returned to its spontaneous state in the last 3 s of the water application ( Fig. 1A, a1 ). The neuron also showed a tactile response: the spike count significantly increased from the preapplication period to the repetitive water application (Fig. 1A, a2) . The spike counts observed during the tactile responses, however, were similar to those observed during the last 3 s with rinsing water (Fig. 1A, a3 ; df ϭ 28, P Ͼ 0.05, t-test). Therefore, this neuron was classified as a tastesensitive neuron with a small tactile response. We defined tactilesensitive neurons with three criteria so that we could readily distinguish taste-sensitive neurons from tactile-sensitive neurons. These criteria were as follows: 1) the neuron responds similarly to the four tastants ( Fig. 1B, b1) , 2) the neuron responds to the rinsing water applications, and 3) the neuron responds to the repetitive water applications ( Fig. 1B; b2) . Neurons that met all three criteria were classified as "tactile." Another 15 neurons were excluded from the present study (Fig. 1B) . The water application was introduced into the oral cavity at two flow rates (the rate used for taste stimulation, 1.1-1.3 ml/s, and twice the rate used for taste stimulation, 2.2-2.6 ml/s). An increase in the spiking activity that occurred with increased flow rates confirmed that a neuron was tactile sensitive (Fig. 1B, b2 and b3). In Fig. 1B , the neuron's responses to the four tastants were significantly smaller than those for water applications (Fig. 1B, b3) . Thus we considered the neuron to be characterized by the robust tactile components rather than the inhibitory taste components.
Estimation of taste response properties. To quantify the differences in response properties between neuronal classes, the onset latency and duration of response were measured from mPSTHs. The onset latency was defined as the time between the stimulus onset and the first time at which the response of an individual unit exceeded the average activity level [threshold: mean ϩ 2 standard deviations (SD)] during the prestimulus period (2 s). The response duration was calculated as the total time (s) in which the response exceeded the mean prestimulus activity level.
Each neuron was classified according to the stimulus that was the most effective tastant (best-stimulus) (Frank 1973 ). In the present study, the best-stimulus was determined through statistical comparison of individual neuronal responses to the four tastants [1-way ANOVA, F(4,35) Ͼ 2.64, P Ͻ 0.05]. For neurons in which no significant difference could be detected between two tastants, both tastants were considered the best-stimulus. For example, NH-best neurons were defined by the absence of a significant difference between response magnitudes to NaCl and HCl. SH-best (sucrose and HCl) and QH-best (quinine and HCl) neurons were determined in the same manner. Individual neurons classified by the best-taste category were confirmed with a correspondence and hierarchical cluster analysis. Pearson's correlation coefficients were calculated to measure the similarity of the net responses to each taste stimulus between neuron pairs. The most similar pair was set in a new cluster, which was measured sequentially to the similarity of another cluster until all neurons were assigned to a cluster. The clustering was performed by the average linkage method.
Although the best-taste classification is useful in evaluating taste profiles of individual neurons, it cannot quantitatively represent overall neuronal excitability to taste stimuli. To evaluate neuronal excitability, the spike discharges of individual neurons were represented by eight pseudocolors, regardless of best-stimulus category (see Fig. 9 ). For all taste stimuli, a net response (Ͼ5 spikes/s) larger than the median excitatory response (4.0 spikes/s) was defined as a large excitatory response. Neurons with large excitatory responses were colored from pink to red. A small excitatory response (1-5 spikes/s) was represented by yellow-green.
To examine the breadth of taste-tuning, the entropy value (Smith and Travers 1979) was calculated from the net response to the four tastants, as follows:
where Pi represents the number of spikes detected in response to the ith tastant divided by the total number of spikes. The absolute value of the net response to the four tastants was used such that all values of Pi remained positive. Furthermore, to prevent Pi ϭ 0, an offset value of 0.01 was added to each net response. According to this definition, the entropy value lies between 0 and 1.0. For example, a neuron that was responsive to only one of the four tastants would have an entropy value ϭ 0 and a neuron that was equally responsive to all four tastants would have an entropy value ϭ 1.0.
Unit recordings. Extracellular single-unit activity was recorded with four glass micropipettes (tip diameter: 1.5 m, impedance: 4 -6 M⍀) glued together to create a 50-to 100-m distance between contiguous tips. The multibarreled microelectrodes were driven with microstep drivers from the cerebellar surface into the medulla oblongata. Action potentials were amplified by a multichannel recording system (DPA-2008, Dia Medical System, Tokyo, Japan) with a band pass of 300 Hz-5 kHz (P-81, NF Electronic Instruments, Yokohama, Japan). Spiking activity was monitored and digitally sampled. The recorded spikes were isolated off-line with software using a template matching method, as previously described (Forster and Handwerker 1990) . The spike times were translated relative to the time (resolution 0.1 ms) of stimulus onset, and each neuron's activity was displayed as mPSTHs (100-ms bin) and raster diagrams (1-ms bin). Custom scripts written in LabVIEW (National Instruments, Austin, TX) were used to monitor, acquire, sort, and count neuron-spiking activity.
Histological reconstruction of taste-sensitive neurons in coronal and horizontal planes. After taste-sensitive neurons were recorded, electrophoresis was used to eject pontamine sky blue (2% in 0.5 M sodium acetate) from each recording microelectrode by applying a . Spike densities are shown as raster displays (1-ms bin, 5 trials) below histograms. a2: mPSTH to repetitive applications (10 trials) of water only at 2 flow rates. Flow rate at top is the same flow rate as in a1. Flow rate at bottom (w2 in a3 and b3) is 2 times that at top (w1 in a3 and b3). mPSTHs for both of the 2 flow rates slightly increased from preapplication level. a3: *Significant differences between the mean spike activities to each solution (initial 6 s) and the last 3 s of the water (horizontal line) by t-test (P Ͻ 0.05).
Rinsing waters subsequent to NaCl (N), sucrose (S), HCl (H), and quinine (Q) are labeled as nw, sw, hw, and qw, respectively. B: an example tactile-sensitive neuron. b1: mPSTHs are similar among 4 tastants and the rinsing waters. b2: mPSTHs for both of the 2 flow rates robustly increased from preapplication level, and the spike activities were enhanced by the higher flow rates (bottom). b3: *Significant difference from the last 3 s of the water rinse (horizontal line). Spike activity to taste solutions is significantly decreased from the water level. The spike activity with the 2ϫ flow rate (w2) significantly increased from the normal flow rate (w1), which was indicated by t-test (P Ͻ 0.05; asterisk above bracket).
5-A DC current for 8 min. At the end of the experiment, the brain was perfused with Ringer solution, followed by 10% formalin, and stored in a mixture of 30% sucrose and 10% formalin. Serial frozen sections (thickness: 40 m, coronal plane) were prepared and stained with cresyl violet. Images of the sections were obtained with a light microscope and a digital camera (Nikon, Tokyo, Japan; 3.34 megapixels, spatial resolution: 30 m 2 /pixel) and analyzed with NIH Image. The position of each neuron (dye mark) was determined using the distance from three reference points ( Fig. 2) : 1) the RC distance from the caudal border (Ϫ11.8 mm from the bregma; Fig. 2 , A and C) of the dorsal cochlear nuclei (Paxinos and Watson 2007) , 2) the dorsoventral distance from the dorsal boundary of the rNST in the coronal plane, and 3) the distance from the midline (Fig. 2, A and B) .
Recording sites were reconstructed with these measurements in the coronal and horizontal planes. The caudal border of the rNST has been regarded as being where the NST first meets the fourth ventricle (Ϫ12.96 mm from the bregma; Fig. 2C ). We divided the rNST anatomically into the four subregions r1-r4.
To investigate the dispersion of neuronal distributions in the best-stimulus groups, the Mahalanobis distance (MD) was calculated from the three-dimensional coordinates [x: RC, y: mediolateral (ML), z: dorsoventral (DV)]. MD has been used as a statistical metric to measure how well a point fits into a given normal distribution (De Maesschalck 2000; Mahalanobis 1936 ). Here we used MD to measure how well a neuron fits into a best-stimulus group. The normality of RC, ML, and DV for each best-stimulus group was confirmed with the Shapiro-Wilk test (P Ͼ 0.05). MD was determined by the distance from a centroid ( x, y, z) in the best-stimulus group.
x, y, and z are the means and C Ϫ1 is the inverse of the variance-covariance matrix in the best-stimulus group. MD was calculated with the R Project for Statistical Computing (R Development Core team, Vienna, Austria).
Statistical analysis.
Numerical values for taste responses are presented as means Ϯ SE; statistical significance (P Ͻ 0.05) was assessed by Student's t-test or one-way ANOVA with a post hoc test for comparison of mean values. The Kruskal-Wallis test (P Ͻ 0.05) was used to compare the mean values for the RC axis among groups in the best-stimulus categories. The Mann-Whitney U-test was used as a post hoc test, and the significance level (P Ͻ 0.008) was adjusted with Bonferroni's correction. The similarity of taste profiles between individual neurons was analyzed with a hierarchical cluster analysis. These statistical analyses were conducted with SPSS software (IBM, Armonk, NY).
RESULTS
Basic characteristics of taste responses. In total, 73 single taste-sensitive neurons (65 were taste only; 8 were taste and tactile) were identified from the rNST in 52 animals. Singleunit activity was recorded in most recordings (65/66: 98%, as shown in Fig. 3, A and B) , whereas two units were identified in one recording (Fig. 3C ). The mean spike amplitude for all neurons was ϳ5.3 times higher than the background noise, and therefore the signal-to-noise ratios were sufficient to isolate single units against the baseline (Fig. 3 ). The number of neurons classified in each best-stimulus category was 23 Nbest, 25 NH-best, 17 H-best, 6 S-best, 1 SH-best, and 1 QH-best (Table 1) . N-best neurons (Fig. 4A ) showed a short onset latency (Ͻ0.1 s) and a persistent response duration (5.8 s) to NaCl stimulation. With NaCl stimulation, the responses of N-best neurons showed minimal accommodation, as they demonstrated the longest response duration (4.4 Ϯ 0.3 s) and the largest spike activity (17.0 Ϯ 4.1 spikes/s) among the beststimulus categories (Table 1) . In contrast, the NH-best neurons ( Fig. 4B ) showed similar phasic activity, with a short response duration (1.5 s) for both NaCl and HCl stimulation. In NH-best neurons, the mean spike activities in response to NaCl (3.8 Ϯ 0.8 spikes/s) and HCl (4.2 Ϯ 0.8 spikes/s; Table 1) significantly smaller than those produced by N-best neurons in response to NaCl (17.0 Ϯ 4.1 spikes/s) and by H-best neurons in response to HCl [12.1 Ϯ 2.7 spikes/s; F(3,67) ϭ 7.0 for NaCl or 11.0 for HCl, P Ͻ 0.01, 1-way ANOVA; Table 1 ]. The H-best neuron response ( Fig. 4C ) was characterized by a large response to HCl accompanied by a small response to NaCl. S-best neurons ( Fig. 4D ) responded exclusively to sucrose. For S-best neurons, the mean onset latency (1.2 Ϯ 0.4 s) tended to be longer than the onset latency for NH-best (0.5 Ϯ 0.1 s), N-best (0.6 Ϯ 0.2 s), or H-best (0.7 Ϯ 0.2 s) neurons, although these differences were not significant [F(3,92) ϭ 1.1, P Ͼ 0.05, 1-way ANOVA]. For NH-best neurons, the mean response duration (2.0 Ϯ 0.2 s) was significantly shorter than the mean response duration for N-best (4.4 Ϯ 0.3 s) or H-best [3.9 Ϯ 0.3 s; F(3,92) ϭ 18.3, P Ͻ 0.01, 1-way ANOVA; Table 1] neurons. Taste-sensitive neurons were further analyzed with a hierarchical cluster analysis based on their classification in the taste profiles. The dendrogram in Fig. 5 depicts the similarity of the taste profiles between individual neurons as the distances on the x-axis. This analysis indicated 4 groups: N, NH, H, and S clusters. All H-best neurons (17/17 neurons, 100%) were assigned to the H cluster, and most of the NH-best neurons (20/25, 80%) were assigned to the NH cluster. The majority of N-best neurons (22/23, 96%) were assigned to the N cluster, and all S-best neurons (6/6, 100%) were assigned to the S cluster. The results in the cluster analysis largely corresponded to the classification in the best-stimulus analysis (65/73, 89%). There were a few disagreements, as five NH-best neurons were assigned to either the H cluster or the N cluster. Both the best-stimulus category determined by one-way ANOVA (Table 1) and the cluster analysis provided accurate classifications. Topographical distributions of neurons classified according to best-stimulus. Topographical projections of the taste afferents in the rNST may produce a corresponding spatial pattern of neuronal responses. Taste-sensitive neurons were represented in the horizontal plane of the rNST (Fig. 6A ). Figure 6A , left, illustrates 60 recording sites that were confirmed by dye spots on the histological sections. The remaining 13 recording sites were unidentified because of dye ejection failures. The recording sites were located Ϫ11.12 to Ϫ12.28 mm (from r1 to r3 in Fig. 6A ) from bregma in the RC axis (ϩ3.28 to ϩ2.12 mm from obex), 1.32 to 2.23 mm from the midline in the ML axis, and to the extent of 0.26 mm below the dorsal boundary of the rNST in the DV axis. The three coordinates (RC, ML, and DV), the mean spike activities observed during taste stimulations and water applications, and the entropy values are shown for 60 taste-sensitive neurons in Table 2 . The recording sites were divided into six sections on the RC axis (Fig. 6B) .
The mean values for the RC axis were Ϫ11.43 Ϯ 0.05 mm for the N-best, Ϫ11.76 Ϯ 0.06 mm for the NH-best, Ϫ11.62 Ϯ 0.07 mm for the H-best, and Ϫ11.70 Ϯ 0.07 mm for the S-best neurons. We observed that the mean RC values among groups in the best-stimulus category were significantly different [H(3) ϭ 14.9, P Ͻ 0.005, Kruskal-Wallis test]. The N-best neurons were located more rostrally than the NH-best neurons [U(18,20) ϭ 59.0, P Ͻ 0.001, Mann-Whitney test], but there were no statistical significances among the other best-stimulus groups (P Ͼ 0.008, Mann-Whitney test). The majority of the N-best neurons (18/19 neurons, 95%) were localized to the rostral half of r1-r3 (Ϫ11.2 to Ϫ11.6 mm in the RC axis; Fig. 6B ). In contrast, the NH-best neurons (17/20 neurons, 85%) were distributed somewhat widely throughout r2-r3 ( Fig. 6A ; Ϫ11.6 to Ϫ12.2 mm in Fig. 6B ). The H-best neurons (10/15 neurons, 67%) were primarily located in r1-r2 from Ϫ11.4 to Ϫ11.6 mm, whereas the S-best neurons (4/5 neurons, 80%) were located in r2 (Ϫ11.6 to Ϫ11.8 mm). The distributions of H-best and S-best neurons largely overlapped with those of N-best and NH-best neurons. Of the five S-best neurons, four (and the 1 SH-best neuron) were located medially in the rNST (Fig. 6C ). These results indicate that distinct distributions for neurons categorized by a best-stimulus can be identified along the RC axis in the rNST. Moreover, the NH-best neurons could be distinguished from the N-best neurons not only by the taste profile and response duration but also by their distribution along the RC axis.
In the coronal plane ( Fig. 6C) , 46 of the 60 identified recording sites (77%) were found in the rostral central, rostral lateral, and medial subdivisions of the rNST, as defined anatomically in rats (Halsell et al. 1996) . An example of a histological photomicrograph at each level of Ϫ11.20 to Ϫ12.20 mm in the RC axis is shown in Fig. 7 . The dye marks indicated by the arrowheads were located in the rostral central subdivision (Fig. 7) . Twice the number of neurons (23/60 neurons, 38%) were located in a plane at Ϫ11.6 mm compared with the two adjacent planes at Ϫ11.4 or Ϫ11.8 mm [12/60 neurons (20%) or 9/60 neurons (15%), respectively]. To evaluate the sampling bias in exploring taste-sensitive neurons, we counted the number of electrode penetrations into the rNST and examined the characteristics of the neurons recorded in each penetration (Fig. 6A, right) . The proportion of penetrations that encountered taste-sensitive neurons was the higher in the rostral half than the caudal half of r1-r3 (line graph in Fig.  6A ). The high density of the taste-sensitive neurons at Ϫ11.6 
Values for tastants are mean Ϯ SE net taste response (in spikes/s) to each tastant (spikes during water application subtracted). Firing rates to each tastant are compared between the 4 best-stimulus categories for neurons in each column. Bold values indicate significant larger spike activity compared with the other 3 best-stimulus categories. One-way ANOVA (P Ͻ 0.01) was used for hypothesis testing, followed by paired comparisons with Tukey's honestly significant difference (HSD) test (P Ͻ 0.05). Values for onset latency and response duration are mean Ϯ SE values (in s) for each best-stimulus category. Bold value indicates a significantly shorter response duration compared with N-best and H-best categories. One-way ANOVA (P Ͻ 0.01) was used for hypothesis testing, followed by paired comparisons with Tukey's HSD test (P Ͻ 0.01). rNST, rostral nucleus of solitary tract; n, no. of neurons. mm (Fig. 6A , right) may be somewhat biased by a larger number of penetrations.
Spatial dispersion represented by MD. To further clarify spatial separations for the best-stimulus groups, the MD was calculated from the standardized deviations from the centroid in each best-stimulus group. The centroids (the means of the RC, the ML and the DV in mm) were calculated for N-best (Ϫ11.43, 1.89, 0.11), NH-best (Ϫ11.76, 1.74, 0.10), H-best (Ϫ11.65, 1.81, 0.09), and S-best (Ϫ11.70, 1.76, 0.14) neurons. In Fig. 8 , the MDs are represented by grayscale contours as the vertical distances on the RC-ML plane. An area above a white contour with a probability of significance (P Ͻ 0.05) is considered to differ from the area below it. An area for each best-stimulus group is enclosed by blue (N-best), orange (NHbest), green (H-best) and pink (S-best) lines. In the contours for the N-best centroid (Fig. 8A) , the steep increase from r1 to r3 may indicate that the N-best region is distinct from the NH-best region. The mean MD for the N-best region (3.0 Ϯ 0.5) was significantly smaller than that for the NH-best region [8.2 Ϯ 1.6; F(3,54) ϭ 3.28, P Ͻ 0.05, 1-way ANOVA; Fig. 8A, inset] . This result indicates that NH-best neurons are spatially separated from N-best neurons. However, there was no significant difference among other best-stimulus groups. In Fig. 8B , the NH-best contours are fairly flat in r2 and r3, and the subset of the N-best region above the white contours in r1 is not included in the NH-best region enclosed by the orange line. For the H-best centroid contours shown in Fig. 8C , the H-best region enclosed by the green line is distinct from the NH-best subset above the white contour in r3. For the S-best centroid contours shown in Fig. 8D , the S-best region enclosed by the pink line can be distinguished from the N-best subset in r1 and the NH-best subset in r3. There was no significant difference in the mean MDs among the best-stimulus groups for NH-best, Hbest, and S-best centroid (Fig. 8, B-D, insets) .
Regions of large responses: correlations with distributions of best-stimulus categories. Neurons with large excitatory responses to NaCl were localized in the rostral half of r1-r3 ( Fig. 9A) , which corresponded to the distribution of N-best neurons in Fig. 6A . The mean taste response to NaCl (14.8 Ϯ 6.1 spikes/s; Fig. 9A, right) in the rostral pole was higher than that in the caudal half (3.6 Ϯ 1.5, 1.4 Ϯ 1.6, and 4.0 Ϯ 1.0 spikes/s) of r1-r3. Moreover, the mean taste response to NaCl (9.1 Ϯ 1.9 spikes/s, n ϭ 42) in the rostral half of r1-r3 was significantly higher than that in the caudal half [2.9 Ϯ 0.9 spikes/s, n ϭ 20; t(55) ϭ 2.9, P Ͻ 0.01, t-test]. Significant differences for other tastants were not found between the rostral and caudal halves (P Ͼ 0.05, t-test). In contrast, neurons with large excitatory responses to HCl were evenly distributed along the RC axis in rNST (Fig. 9B) . Neurons with large excitatory responses to sucrose were located in the medial area on the ML axis in r2 (Ͻ1.8 mm; Fig. 9C ). As large responses to sucrose were observed only in these neurons, this limited distribution likely resulted from the localization of the four S-best neurons and the one SH-best neuron (Fig. 6A) . Quinine produced small excitatory responses in a few neurons, although one neuron showed a large excitatory response in r2 (Fig. 9D ). The excitatory region (net response Ͼ1 spike/s) for quinine largely overlapped with that for HCl. This may be because five of the six neurons with excitatory responses to quinine consisted of four H-best neurons (4.6, 4.1, 3.8, and 2.9 spikes/s for quinine) and one QH-best neuron (15.9 spikes/s for quinine) (Fig. 9D ).
Regional differences in taste-tuning. The topographical distributions for the best-stimulus categories suggest that additional spatial differences may exist within the rNST, with respect to the breadth of tuning to taste stimuli. Entropy values have been used to indicate sharpness (approaching 0) or broadness (approaching 1.0) in taste-tuning for individual neurons. Neurons with sharp to moderate tuning (entropy Ͻ 0.6) were located in r1-r2 ( Fig. 10A) , whereas the neurons with broad tuning (entropy Ͼ 0.6) extended over r2-r3 (Fig. 10A) . These two distributions overlapped in r2, and the proportion of neurons showing sharpness or broadness varied in r1-r3. The sharp to moderate tuning decreased near r3, while broad tuning increased toward the same region (Fig. 10B) . The average entropy values among r1 (0.58 Ϯ 0.05), r2 (0.65 Ϯ 0.03), and r3 (0.73 Ϯ 0.04) increased from the rostral to the caudal region, but this tendency was not statistically significant [F(2,57) ϭ 1.6, P Ͼ 0.05, 1-way ANOVA]. The number of effective stimuli was examined along the RC axis as another method to assess taste-tuning. A large number of taste-sensitive neurons in the rNST were tuned to two tastants (Fig. 10C, bottom) . This response pattern was observed in all RC segments (Fig. 10C, top) . Neurons with sharp to moderate tuning (low-intermediate entropy) in r1 resulted primarily from the large response magnitudes to NaCl (Fig. 9A) . In contrast, broad tuning (high entropy) in r2-r3 was due to the small response magnitudes to both NaCl and HCl (Fig. 9, A and  B) . In r2, neurons with sharp to moderate tuning intermingled with neurons that exhibited broad tuning.
DISCUSSION
In the present study, the taste response characteristics (beststimulus categories, response magnitude, and taste-tuning) of single neurons in the rNST were found to have distinct distributions along the RC axis. Specifically, the N-best neurons were localized in the rostral half of r1-r3, the H-best and S-best neurons in r2, and the NH-best neurons in r2-r3. The mean RC and MD significantly demonstrated that the N-best neurons were located more rostrally than NH-best neurons. The region with large responses (net response Ͼ5 spikes/s) to NaCl was similar to the distribution of the N-best neurons. The region with large responses to HCl widely extended over r1-r3. Sucrose evoked large responses in the medial part of r2. The excitatory region for quinine overlapped with that for HCl. In r1, neurons with large responses to NaCl apparently contributed to sharp to moderate tuning. Neurons with a small response magnitude for both NaCl and HCl appeared responsible for broad tuning in r2-r3.
Spatial representation of best-stimulus categories. N-best neurons (the rostral half of r1-r3) tended to be more rostrally localized than H-best, S-best, or NH-best neurons (Fig. 6A) . In close agreement with the localization of N-best and S-best neurons in the present study, a multiunit recording study in rNST indicated a taste-topic organization in which N-best neurons were localized rostrally whereas S-best and KCl (K)best neurons were localized caudally in hamsters (HCl was not used) (McPheeters et al. 1990 ). Whether the K-best neurons in that study correspond to the N-best, H-best, or NH-best neurons in the present study remains unknown, although a subset of the N-best (or H-best neurons) have been reported to respond widely to electrolytes including NaCl, HCl, and KCl (Smith et al. 1983; St John and Smith 2000) . In the CT afferent nerves, the taste responses to NaCl of N-best fibers were markedly reduced by oral applications of the epithelial Na ϩ channel blocker amiloride, whereas the taste responses of H-best fibers to NaCl and their broad responsiveness to the electrolytes were not reduced by amiloride ( Neurons along y-axis are labeled with the best-stimulus (capitals) and the lower responses (small letters). The number sequence for the response profile is the descending order of the net responses in the best-stimulus categories.
x-Axis shows linkage distance between neurons. The 4 clusters indicated by the broken line highly corresponded to the results from the best-stimulus category. H, H cluster; NH, NH cluster; N, N cluster; S, S cluster. Frank 1990; Ninomiya and Funakoshi 1988) . The relationship between the effectiveness of amiloride and the taste profiles also was observed for taste-sensitive neurons in the rNST (Boughter et al. 1999; Giza and Scott 1991; Scott and Giza 1990; Smith et al. 1996) . On the other hand, taste responses to NaCl in the IX were exclusively amiloride insensitive (Formaker and Hill 1991; Kitada et al. 1998) . Taken together, the spatial differences between the N-best and NH-best neurons in the present study suggest that amiloride-sensitive neurons (exclusively responsive to sodium) in the rNST may be more rostrally located than amiloride-insensitive neurons (broadly responsive to electrolytes), but with some extent of overlap.
Spatial separation between N-best and NH-best neurons indicated by mean RC and MD. In this study, NH-best neurons were defined as having similar response magnitudes for NaCl and HCl. NH-best neurons were distinguished from N-best or H-best neurons according to their firing rates and patterns of accommodation (i.e., small phasic activity in NH-best neurons compared with large sustained activity in N-best or H-best neurons). Another remarkable feature was the topographical organization of these neurons along the RC axis. NH-best neurons were more often located in caudal regions than N-best neurons. The mean RC value for N-best neurons was significantly different from that for NH-best neurons. The spatial difference between N-best and NH-best neurons also could be supported by the mean MDs based on the N-best centroid, but the NH-best centroid did not indicate a significant difference between N-best and NH-best neurons. This inconsistent result appears to involve different dispersions between N-best and NH-best neurons. As shown in Fig. 6, A and B , NH-best neurons had a wide distribution compared with N-best neurons. A larger variance resulted in the flat shape (the small MDs) of the contours of NH-best neurons (Fig. 8B ) because MD is standardized by the large variance-covariance matrix. It is noteworthy that the present study is the first to demonstrate differences in the distributions of N-best and NH-best neurons. Implications of umami tastants or artificial saliva. In the present study, we did not use monosodium glutamate (MSG) or inosine 5=-monophosphate (IMP) as umami tastants. MSG-best or IMP-best neurons have not been recorded in the rNST in previous studies, but taste responses elicited by MSG or IMP have been observed in large subsets of N-best and S-best neurons in the rNST (Adachi and Aoyama 1991; Nakamura and Norgren 1993). Therefore, putative distributions of neu- Individual neurons are denoted by the same names as in the cluster analysis. Each neuron's name represents the best-stimulus (capitals) and the lower responses (small letters). The neurons in each best-stimulus category are sorted from the rostral to the caudal location. The mean response to water was subtracted from the mean response to each tastant. RC, rostrocaudal; ML, mediolateral; DV, dorsoventral. rons with excitatory responses to MSG or IMP may overlap with those for N-best or S-best neurons in the present study.
We used distilled water as the rinsing solution subsequent to the taste stimulations. Recent studies report differences in taste responses between experiments that used distilled water and artificial saliva as a rinsing solution. The net response or the spontaneous activity in geniculate ganglion neurons increased with the artificial saliva (Breza et al. 2007 (Breza et al. , 2010 . The recorded number of sucrose-specialist neurons increased with artificial saliva over that with distilled water, although there was no difference in the acid-generalist neurons. Artificial saliva appears advantageous for detecting sucrose responses or inhibitory responses against the elevated spontaneous activity (Breza et al. 2010) . Therefore, using artificial saliva may affect the net responses or the detectability of taste-sensitive neurons in the rNST. The effect of using artificial saliva remains unknown in the rNST.
Relationship between taste-topic distributions and taste afferents. The taste-topic distributions of rNST neurons for best-stimulus categories and response magnitude in the present study may be closely related to the topographical projections of the taste afferents in the rNST. A previous study showed that the CT and GSP terminal fields were coextensive in the rostral half of the rNST, while the IX terminals extended more caudally (Hamilton and Norgren 1984) . In the present study, the region with large responses to NaCl in r1-r2 may receive excitatory inputs primarily from the CT rather than from the GSP. This is due to the production of large responses to NaCl by the CT, whereas the GSP was more tuned to sucrose than to NaCl (Nejad 1986; Pfaffmann 1955) . The region with large responses to sucrose was located more medially than the area responsive to NaCl. The spatial difference may be chiefly attributed to GSP afferents, which terminate more medially with the overlap of the CT afferents (Corson et al. 2012 ). The medial projections in GSP were clearly exhibited in the RC level (ϩ1.6 to ϩ2.0 mm in Fig. 20 of Corson et al. 2012) , which corresponded to r2, where large responses to sucrose were observed in the present study (Fig. 8C) . The region with large responses to HCl was widely extended over r1-r3. The wide distribution is consistent with the fact that HCl is an effective stimulus in the CT, the GSP, and the IX (Sako et al. 2000) . Recent tracer studies (Corson et al. 2012; May and Hill 2006) indicate that although the terminal fields for the CT, GSP, and IX largely overlap along the RC axis, the CT and the GSP project primarily to the rostral region, in contrast to the wider terminal fields of the IX. In general, these findings demonstrate terminal fields that overlap more extensively than was shown in an earlier study (Hamilton and Norgren 1984) . A neurophysiological study reported that some rNST neurons received convergent inputs from multiple taste-receptor cells (TRCs) located within the anterior or posterior oral cavity (Travers and Norgren 1995) . The topographical distributions of the taste response characteristics in the present study may result from the selective convergence of taste afferent terminals in addition to the local interactions of neurons within the rNST. Although no topographical differences between responses to NaCl and HCl were previously reported in hamster multiunit recordings (Dickman and Smith 1989) , such differences were found in the large excitatory responses in the present study. These diverse findings might be attributable to the different experimental procedures or species of rodents.
In the present study, small responses to quinine were found in some of the H-best neurons, only one QH-best neuron largely responded to quinine, and no Q-best neurons were encountered. The low-magnitude responses to quinine in the rNST neurons also have been reported with posterior tongue stimulation (Halsell et al. 1993) . In a study using multiple bitter tastants, bitter-best neurons were observed in ϳ10% of tastesensitive neurons in the rNST (Geran and Travers 2006) . These bitter-best neurons were located in a more medial and dorsal region than other neurons, but no distinct pattern was found along the RC axis. The medial-dorsal trend of the bitter-taste neurons corresponded to the patterns of c-Fos expression that were elicited by quinine and other bitter-taste stimulations of the oral cavity (Chan et al. 2004; Harrer and Travers 1996) . The afferent inputs were mainly transmitted by the IX, because the quinine-elicited c-Fos expressions were largely decreased in IX-transected rats compared with CT-transected rats (King et al. 1999) . A subset (18%) of c-Fos-expressive neurons was double-labeled by retrograde tracer injected into the parabrachial nucleus (PBN) (Travers and Hu 2000) . These results indicate that the subset of the c-Fos-expressive neurons is associated with the ascending transmission of the bitter taste. The middle range of the concentration (0.3 M) for NaCl, however, did not elicit c-Fos expression (Travers 2002) . The higher concentration of NaCl (1.0 M) indicated significant c-Fos expression in the intermediate NST (Kwak et al. 2011 ), which was more caudal than the locations of taste-sensitive rNST neurons that showed large responses to NaCl in the present study. The c-Fos expression might be partly attributed to visceral sensation, in addition to taste perception. Intragastric infusion of hypertonic saline (1.5 M) can elicit c-Fos expression in the intermediate NST and the caudal NST (Kobashi et al. 1993) . The visceral input for sucrose elicited an increase in c-Fos expression, compared with that with gustatory input in the intermediate NST (Chen et al. 2011; Yamamoto and Sawa 2000) . The diversity of c-Fos expression for each tastant may result from signals that are triggered in distinct concentration thresholds to maintain normal conditions.
Functional roles of taste-tuning in r1-r2 of rNST. As for the breadth of taste-tuning (entropy), the neurons with sharp to moderate tuning tended to be located in r1-r2, while those with broad tuning tended to extend over r2-r3. The proportion of neurons with sharp to moderate tuning (entropy values Ͻ 0.6) decreased along the RC axis (Fig. 10B ). The spatial difference may be associated with two features that determine tastetuning, i.e., the response magnitude and the number of effective stimuli in the individual neurons. In r1 the neurons largely responded to NaCl, although they also responded to HCl and/or sucrose. The robust responses to NaCl resulted in sharp to moderate tuning as indicated by the entropy values. In r2, a number of neurons with various degrees of tuning sharpness were observed. The diversity may be associated with abundant convergent inputs from both the anterior tongue and nasoincisor duct in r2 (Sweazey and Smith 1987; Travers et al. 1986 ).
An important role of taste-tuning is the proper screening of nutrients or toxins. Ingestion of sodium salts or sugar is highly important in maintaining normal levels of sodium or glucose in the body fluid. Sensory information for palatable taste quality appears to be conveyed by ascending projections from the rNST to the PBN, the second-order taste relay in rodents. The rNST neurons projecting to the PBN, which generated antidromic spikes by electrical stimulation on the PBN, were tuned somewhat more sharply and exhibited greater response magnitudes to sweet stimuli than the nonprojection neurons in the rat Ogawa et al. 1984) . These results suggest that information regarding palatable taste may be selectively conveyed via the PBN to the forebrain. In previous studies, the rNST-PBN projection neurons were chiefly located from the rostral end to 0.6 mm in the rNST and their recording sites overlapped with those of the nonprojection neurons (Ogawa et al. 1984 ). This region approximately cor- responds to r1-r2 of the rNST, which has a high density of taste-sensitive neurons, including most neurons with sharp to moderate tuning identified in the present study.
Possible interactions in r2-r3 of rNST. Neurons with broad tuning tended to increase in number with more caudal rNST regions. This tendency may be attributed to the majority of NH-best neurons (17/20 neurons, 85%) being located in r2-r3 (Fig. 6A ). The response properties in r2-r3 appear to involve "H units" of the CT, which were reported to show similar responses to NaCl and HCl ). In the present study, most taste-sensitive neurons were located in r1-r2 but a few were recorded in r3. This distribution corresponds to the terminal fields of the CT and GSP rather than that of the IX. With stimulation of only the posterior tongue, taste-sensitive neurons were found to be largely distributed in r3, extending from r2 to r4 (Halsell et al. 1993 ). The present data may partly contain the taste-sensitive neurons innervated by the IX.
The terminals of the IX are localized almost entirely in the caudal two-thirds of rNST (Hamilton and Norgren 1984) . Therefore, it is important to clarify the contributions of IX afferents to the response characteristics of neurons in r2-r3. Hanamori et al. (1988) reported that fibers in the IX responded more strongly to HCl or quinine than to NaCl in experiments in which the tastants were applied to the posterior tongue (innervated by the IX). The response pattern in that study differs from that of our NH-best neurons, which responded equally to NaCl and HCl. The difference in the response profiles between the IX fibers and the rNST neurons in the present study may be partly due to oral fields stimulated by taste solutions. In the previous study the posterior tongue alone was stimulated, whereas in the present study both the anterior and posterior parts of the tongue and the oral cavity were stimulated. When the anterior tongue and posterior oral cavity were simultaneously stimulated by taste solutions, response magnitudes in the neurons with convergent inputs from both of the two oral fields were generally between those generated by stimulation to the anterior tongue alone and those generated by stimulation to the posterior oral cavity alone (Sweazey and Smith 1987) . The intermediate response magnitudes suggested complex interactions between different receptive fields in the rNST. An early study (Halpern and Nelson 1965) reported increased responses in rNST neurons after CT block (by local anesthesia), suggesting an inhibitory influence from the CT on rNST neurons. Moreover, CT activation by electrical stimulation selectively reduced responses to quinine in the rNST neurons but had no effect on responses to NaCl. The attenuated responses may result from an inhibitory influence from the CT to the IX (Lemon and Di Lorenzo 2002) . It is plausible that the inhibitory influence may be mediated by interneurons in the rNST. Both in vitro and in vivo, it has been reported that taste afferent nerve terminals released glutamate (Li and Smith 1997; Wang and Bradley 1995) , and GABA-immunoreactive neurons were observed in the CT terminal field in the rNST (Lasiter and Kachele 1988) .
Such an influence may suggest different roles of the CT and the IX during ingestive behavior. For example, the CT could provide a main cue discriminating NaCl from KCl, or KCl from quinine, while the IX may not play a critical role in the discriminations (Spector and Grill 1992; St John and Spector 1998) . In contrast, the IX may be involved in an aversive behavior to toxic foods, because IX transections have been shown to reduce an aversive oromotor response induced by bitter tastants (Travers et al. 1987 ). In the present study, broad tuning in r2-r3 may be partly a result of reduced activity in the IX. The attenuated activity in the IX may be advantageous in swallowing during normal ingestion of nutrients, when the CT is activated by palatable tastants. Association between topographical distribution and two hypotheses, "labeled-line" or "across-fiber (neuron) pattern." In a recent genetic engineering study, inactivation of sour and/or bitter TRCs in knockout mice reduced CT responses to high concentrations (0.25 or 0.5 M) of NaCl (amilorideinsensitive component) but not amiloride-sensitive components to low concentration (0.06 M) (Oka et al. 2013 ). Aversive tastants including bitter, sour, and high salt concentrations (amiloride insensitive) are mediated by a taste pathway distinct from the attractive salt pathway for low salt concentrations (amiloride sensitive). Immunohistochemical labeling in TRCs has demonstrated that TRCs with the epithelial sodium channel (ENaC), which is blocked by amiloride, are distinct populations from the TRCs mediating sweet, sour, bitter, and umami tastants (Chandrashekar et al. 2010) . These studies provided definite evidence for "labeled-line" pathways in the periphery. The separation among the TRCs mediating the five basic taste qualities may underlie the topographical distributions in the rNST.
An alternative notion is the "across-fiber (neuron) pattern," which proposed that taste quality is represented by a pattern for relative amounts of activity across the afferent fibers (Erickson 1968; Pfaffmann 1959) . Similarity or dissimilarity in "acrossneuron patterns" in the rNST has been represented in twodimensional "taste space" through multidimensional scaling (Di Lorenzo 1989; Nakamura and Norgren 1993; Smith et al. 1983 ). The stimulus arrangements in "taste space" corresponded to the extent of similarity among taste stimuli in behavioral experiments. Moreover, the stimulus arrangements shifted in "taste space" according to conditioned taste aversion learning (Chang and Scott 1984) or with local anesthesia applied to the gustatory cortex (GC) (Di . The "across-neuron patterns" may be advantageous to code a number of taste qualities (de Brito Sanchez and Giurfa 2011) or to respond to information altered by learning or descending modulation. In the present study, the spatial distributions of excitatory responses (Fig. 9) represent the "acrossneuron patterns" on the RC-ML axis. Neurons with large excitatory responses to NaCl were localized in the rostral half of r1-r3. If the neighboring neurons responding to NaCl synchronize their activities, these neurons can participate in "across-neuron patterns" at certain instances through neural circuits (see Possibility of spatial difference in temporal coding).
Possibility of spatial difference in temporal coding. Simultaneous recordings from neighboring taste-sensitive neurons have shown that the spike timing between neurons is important for taste quality coding as well the spike counts in the rNST (Adachi et al. 1989; Rosen and Di Lorenzo 2012) , the PBN (Yamada et al. 1990) , and the GC (Nakamura and Ogawa 1997; Yokota et al. 1997 ). In our previous study, we simultaneously recorded plural taste-sensitive neurons with multibarreled glass pipettes inserted in the GC (Yokota and Satoh 2001) . The neighboring neurons with the same best-stimulus and similar temporal patterns frequently generated the synchronized spikes within a few milliseconds. In contrast, inhibitory interactions were observed between the taste-sensitive neurons with different best-stimulus (Yokota et al. 2007 ). The relationship between the neuronal property and the spike timing was also supported in the rNST (Rosen and Di Lorenzo 2012) . Moreover, the neurons with short latency evoked by the CT electrical stimulation that were narrowly tuned to NaCl generated synchronized spikes more often than the neurons with longer latency. The synergistic activity or the inhibitory interaction may be determined not only by the neuronal properties of the individual neurons but also by the spatial location, because most neurons that showed the synchronized spikes were located at interneuronal distance Ͻ 0.1 mm in the GC (Yokota and Satoh 2001) . In the present study, the N-best neurons were predominantly observed in r1 (11/19 neurons, 58%). The neighboring neurons with the same best-stimulus would be advantageous to generate synchronous activity to elicit action potentials in the target cells in the rNST or the PBN. In the region intermingled with neurons with various best-stimuli as r2, the temporal coding may be intricately performed by the excitatory or the inhibitory interactions. In slice preparations, electrical stimulation of the solitary tract evoked both excitatory postsynaptic potentials (EPSPs) and inhibitory postsynaptic potentials (IPSPs) in a subset (28%) of the rNST neurons. The amplitudes and the durations of the EPSPs were reduced by the IPSPs mediated by at least two synapses (Grabauskas and Bradley 1996) . Feedforward inhibition may modulate the spike timing in postsynaptic neurons and contribute to the coincidence detection of inputs in the rNST as revealed in the hippocampus (Pouille and Scanziani 2001) . The temporal coding calculated from the spike trains to each tastant appears to be associated with the tuning broadness (Di Lorenzo et al. 2009 ). The broadly tuned neurons largely contributed to the taste quality coding by the temporal response patterns compared with the narrowly tuned neurons. In the present study, the broadly tuned neurons were observed exclusively in r2-r3, whereas the sharp to moderate tuned neurons were located in r1-r2. The spatial differences in taste-tuning may suggest different localization in the two types of temporal coding (i.e., the synchronized spikes or the temporal response patterns) in the rNST.
